Since the revisions to the Industrial Safety and Health Law of Japan (1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005), push-pull ventilation systems have been introduced as effective means of protection for industrial workers dealing with hazardous materials. Compared with an ordinary local exhaust hood, a pushpull ventilation system can be used for contaminant control over a large working area, and is suitable for painting, welding, foundry and soldering operations. Although a push-pull ventilation system has several advantages over a local exhaust hood, some laborious adjustments, such as finding the correct balance between supply flow rate and exhaust flow rate, are required prior to use. Generally, the pertinence of the adjustments is uncertain because it is practically difficult to evaluate the performance of a push-pull ventilation system quantitatively by a conventional velocity measurement test. The uniform flow velocity of a push-pull ventilation system is not a direct measure of its ability to provide industrial worker protection. In this study, an assessment of capture efficiency (usually defined as the ratio of air contaminant quantity captured by a ventilation system per unit time to the total contaminant quantity produced by the process per unit time) indicating the performance of a push-pull ventilation system was carried out by means of a tracer gas method. Specifically, this paper describes the effects of a uniform flow velocity and the presence of a blockage in the ventilation zone on the capture efficiency of the push-pull ventilation system. All experiments were conducted by using an actual open type push-pull ventilation system in a laboratory.
Since the revisions to the Industrial Safety and Health Law of Japan (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) , push-pull ventilation systems have been introduced as effective means of protection for industrial workers dealing with hazardous materials. Compared with an ordinary local exhaust hood, a pushpull ventilation system can be used for contaminant control over a large working area, and is suitable for painting, welding, foundry and soldering operations. Although a push-pull ventilation system has several advantages over a local exhaust hood, some laborious adjustments, such as finding the correct balance between supply flow rate and exhaust flow rate, are required prior to use. Generally, the pertinence of the adjustments is uncertain because it is practically difficult to evaluate the performance of a push-pull ventilation system quantitatively by a conventional velocity measurement test. The uniform flow velocity of a push-pull ventilation system is not a direct measure of its ability to provide industrial worker protection. In this study, an assessment of capture efficiency (usually defined as the ratio of air contaminant quantity captured by a ventilation system per unit time to the total contaminant quantity produced by the process per unit time) indicating the performance of a push-pull ventilation system was carried out by means of a tracer gas method. Specifically, this paper describes the effects of a uniform flow velocity and the presence of a blockage in the ventilation zone on the capture efficiency of the push-pull ventilation system. All experiments were conducted by using an actual open type push-pull ventilation system in a laboratory.
Figures 1-1 and 1-2 show the set-up of the experimental apparatus. As shown in these figures, a spray painting operation was simulated in this experiment.
The push-pull ventilation system was a KOKEN Pushpull Laminar System Model MS-01. The ventilation zone of the system was 0.7 × 0.7 × 1.5 m in size. The supply flow rate of the push unit and the exhaust flow rate of the pull unit were regulated by means of a transformer and an inverter, respectively. Prior to the experiments, the MS-01 was adjusted so as to fulfill the requirements of a push-pull ventilation system prescribed by Japanese Industrial Safety and Health Law At the middle of the push unit and the pull unit ( Fig. 1-1 ), blockage panels (980, 1,960, 2,940 and 3,920 cm 2 , corresponding to 20, 40, 60 and 80% of the cross-sectional area of the ventilation zone, respectively) which simulated painted products were placed at the centerline of the Abstract: A push-pull ventilation system is effective for hazardous material exhaustion. Although a push-pull ventilation system has advantages over a local exhaust hood, some laborious adjustments are required. The pertinence of the adjustments is uncertain because it is difficult to evaluate the performance of a push-pull ventilation system quantitatively. In this study, a measurement of the capture efficiency of a push-pull ventilation system was carried out by means of a tracer gas method. The capture efficiency decreased to 39.3-78.5% when blockage material, a dummy worker and a cross draft, were set in the ventilation zone, but the efficiency was 95.1-97.9% when the cross draft was stopped. The results suggest that the uniform flow of a push-pull ventilation system will detour a blockage and the performance of the system will not be reduced unless a cross draft disturbs the uniform flow.
Key words: Push-pull ventilation system, Tracer gas, Capture efficiency uniform flow. Beside the blockage panel, a 165 cm mockup mannequin which simulated a worker was placed in a typical pose 1) with respect to the exhaust ( Fig. 1-2) .
In this study, carbon dioxide (CO 2 ) gas was selected as the tracer gas in consideration of its chemical properties 2) . The tracer was released through a 50-mm diameter glass ball filter which was mounted in the right hand of the mannequin (assumptive contaminant source point), and a mass flow controller (Model MC-3000E; LINTEC Ltd.) was used to reduce fluctuations in the tracer gas flow. The flow rate of the tracer gas was set at 4.5 l/min in accordance with a former study 3) . The distance between the center of the blockage panel and the ball filter was about 3 cm. In order to simulate a spray painting operation, a blast nozzle was mounted in the right hand of the mannequin, too. Through the nozzle, compressed air at 13.3 l/min (18.9 m/s), acting as a cross draft, was blown on the blockage panel surface at an angle of 45 degrees dispersing the tracer gas.
The tracer gas was sampled inside the exhaust duct 4) which was connected to the pull unit, and its concentration was measured by an infrared carbon monoxide/dioxide meter, Model COX-2 (Sibata Scientific Technology Ltd.). Capture efficiency (C eff ) as defined as follows was then determined.
C eff (%) = CO 2 mes (ppm) / CO 2 ref (ppm) × 100 where CO 2 mes is the duct concentration of CO 2 discharged at the assumptive contaminant source point and CO 2 ref is the duct concentration of CO 2 discharged at pull unit inlet. Background CO 2 concentration was subtracted from CO 2 mes and CO 2 ref before calculation of C eff .
Test conditions included every combination of the three uniform flow velocities (0.37, 0.40 and 0.44 m/s) and the four blockage panel sizes (980, 1,960, 2,940 and 3,920 cm 2 ). Fig. 1-1 . Schematic diagram of the set-up of the tracer-gas experiments for the push-pull ventilation system. Captured tracer gas was sampled from inside the exhaust duct. The mock-up mannequin (dummy worker) located beside the blockage panel was excluded from this diagram. Fig. 1-2 . The mock-up mannequin was located beside the blockage panel. The blast nozzle was removed for this picture.
As expected, the performance of the push-pull ventilation system was lowered by the blockage which interrupted the uniform flow of the system. Figure 2 shows the results of the performance test of the push-pull ventilation system under several conditions. The capture efficiency was decreased to 39.3-78.5% when a blockage panel, a dummy worker and a blast were set in the ventilation zone. When the area occupied by the blockage in the ventilation zone was 20% and the uniform velocity was over 0.4 m/s, the capture efficiency reached approximately 80%, whereas it was reduced by half when the blockage size was 80% and the velocity was 0.37 m/s. The increase in the uniform flow velocity from 0.40 m/s to 0.44 m/s seemed to hardly affect the capture efficiency, while the decrease in the velocity from 0.40 m/s to 0.37 m/s lowered the capture efficiency by about 20-25% at all blockage sizes.
In addition to the experiments of which results are shown in Fig. 2 , another performance test of the system was conducted. When the 80% size blockage was located at the same position but the blast air was stopped, the capture efficiency reached 95.1% at the uniform flow velocity of 0.37 m/s, 97.9% at 0.40 m/s and 95.7% at 0.44 m/s, respectively. Therefore, it can be expected that the uniform flow of a push-pull ventilation system will detour a blockage in the ventilation zone and the performance of the system will not be reduced unless a cross draft disturbs the uniform flow. However, when a high velocity air blast acting as an oblique cross draft exists in a ventilation zone, uniform flow velocity should be >0.4 m/s and the blockage size should be <20% of crosssectional area of the ventilation zone in order to secure system performance.
Since a simple performance criterion, such as control velocity in the local exhaust hood test, does not exist in push-pull ventilation system tests, the application of tracer gas evaluation to assessment of the performance will be useful for designing push-pull ventilation systems. 
